High-frequency coherent phonons resonantly excited in metallic single-walled carbon nanotubes (M-SWCNTs) were investigated via spectrally resolved pump-probe spectroscopy using 7.5-fs laser pulses. In addition to first-order coherent phonons such as radial breathing mode (RBM) and M and G modes, we clearly observed second-order high-frequency coherent phonons of 2D and 2G modes, which can be regarded as squeezed phonons. We found that the amplitudes of the RBM, G and 2D modes were resonantly enhanced at specific wavelengths: the maximum resides at a wavelength whose energy is smaller than that of the van Hove singularities in M-SWCNTs by an amount corresponding to the phonon energy. Furthermore, the 2D mode has stronger enhancement than the other first-order Raman modes. These results indicate that the enhancement originates from a Stokes-stimulated Raman-scattering process at van Hove singularities and that efficient resonance enhancement occurs for the 2D mode, possibly through double resonance due to the trigonal warping effect and strong electron-phonon coupling due to the Kohn anomaly. Coherent phonon spectroscopy is well established as a powerful tool in investigating electron-phonon coupling dynamics in various materials [1] [2] [3]. It enables not only the observation of phonon anharmonicity [4] but also the coherent control of phonon dynamics, which has been extensively investigated to date [5] [6] [7] [8] . The generation mechanism of coherent phonons has been theoretically addressed: the displacive excitation of coherent phonons mechanism is dominant in the resonant case, whereas the impulsively stimulated Raman-scattering process becomes dominant in the nonresonant case [9, 10] . By changing the pump-probe wavelength, it is thus possible to reveal the transition from a resonant to nonresonant mechanism [11, 12] . In contrast to the generation process, the detection process of coherent phonons has been studied only recently; probewavelength resolved coherent phonon spectroscopy may potentially unveil fruitful physics on electron-phonon coupling dynamics [13] [14] [15] [16] .
Coherent phonon spectroscopy is well established as a powerful tool in investigating electron-phonon coupling dynamics in various materials [1] [2] [3] . It enables not only the observation of phonon anharmonicity [4] but also the coherent control of phonon dynamics, which has been extensively investigated to date [5] [6] [7] [8] . The generation mechanism of coherent phonons has been theoretically addressed: the displacive excitation of coherent phonons mechanism is dominant in the resonant case, whereas the impulsively stimulated Raman-scattering process becomes dominant in the nonresonant case [9, 10] . By changing the pump-probe wavelength, it is thus possible to reveal the transition from a resonant to nonresonant mechanism [11, 12] . In contrast to the generation process, the detection process of coherent phonons has been studied only recently; probewavelength resolved coherent phonon spectroscopy may potentially unveil fruitful physics on electron-phonon coupling dynamics [13] [14] [15] [16] .
Carbon nanotubes (CNTs) exhibit the characteristic resonant effect in optical transitions because of sharp van Hove singularities due to one-dimensional excitonic resonance [see Fig. 1(a) ] [17] . Furthermore, the strong electron-phonon coupling originating from the Kohn anomaly is expected to enhance the second-order coherences relevant to second-order Raman modes, namely, the 2D and 2G modes [18, 19] . Although many researchers have investigated coherent phonons in CNTs, most of them focused on the dynamics of first-order coherent phonons such as the RBM and G mode [7, 14, 20, 21] , due to limitations on reducing pulse duration in order to observe second-order high-frequency phonons. Consequently, neither the electron-phonon coupling dynamics accompanied with such phonons nor the probing-process resonance properties of van Hove singularities in coherent phonons have been uncovered.
In the present study, we demonstrate that spectrally resolved coherent phonon spectroscopy using sub-10-fs laser pulses unveils the characteristic electronic resonance of CNTs. We used metallic single-walled CNTs (M-SWCNTs) with a diameter of 1.4 nm, because the energy of the lowest van Hove singularity [∼700 nm, see E M 11 in Fig. 1(a) ] falls into the spectral region of the laser (680-1050 nm) [17, 22] . This simplifies the discussion of the resonant effect in coherent phonon CNT experiments. Our results indicate that the resonance of the lowest van Hove singularity, via the coherent stimulated Stokes Raman-scattering process, plays an important role in the strong enhancement of first-and second-order high-frequency phonon modes. This enhancement is stronger in the 2D mode, indicating a selective enhancement of higher-order modes with strong electron-phonon coupling.
M-SWCNTs with an average diameter of 1.4 ± 0.1 nm were extracted from commercial CNTs (Meijo Nano Carbon Company, Ltd.) using the density-gradient purification method, and were dried to form a film [22] [23] [24] . As an example, one of the probable M-SWCNT structures in our sample is shown in Fig. 1(b) . The concentration of residual semiconductor nanotubes was estimated to be less than 5% via absorption spectroscopy. For coherent phonon experiments, we used a Ti:sapphire laser with a 7.5-fs pulse duration (VENTEON PULSE : ONE), with an output power of 200 mW, a spectral bandwidth of 300 nm ranging from 700 to 1000 nm, and a repetition rate of 90 MHz. This broad bandwidth allowed us to examine the resonant properties of coherent phonons via spectrally resolved pump-probe measurements. The output of the laser was separated into two beams; one is used as a pump beam to excite the high-frequency coherent phonons, and the other is used as a probe beam. During the experiments, the pump intensity was kept at 15 mW (0.05 mJ/cm 2 ), which is low enough to avoid damaging samples, while the probe intensity was tuned to one order of magnitude less than the pump intensity. The anisotropic transient transmission induced by the pump pulse was measured by electro-optic sampling. The time delay between pump and probe was controlled using an optical shaker with a 15-ps scanning range at a 20-Hz repetition rate. The signal was amplified by a current amplifier and analyzed by a personal computer using an analog-to-digital converter. A bandpass filter with a central wavelength ranging from 700 to 980 nm and a bandwidth of 10 nm was placed behind the sample to detect wavelength-resolved signals. We also measured spontaneous Raman spectra of M-SWCNTs and highly oriented pyrolytic graphite (HOPG) using a conventional Raman spectrometer at an excitation wavelength of 785 nm (1.58 eV) (inVia Reflex, Renishaw). All the measurements were performed at room temperature.
Figure 1(c) shows the observed transient transmission change ( T ) of the M-SWCNTs. A strong instantaneous electronic response emerges near the time origin, and subsequently the decay of photoexcited carriers and thermal relaxation follows on a picosecond time scale. After subtracting these electronic contributions through a double-exponential fitting procedure, the high-frequency coherent oscillations can be observed as shown in the inset of Fig. 1(c) . The Fouriertransformed (FT) spectrum of the oscillations, which is shown in Fig. 1(d [18] . The high-frequency second-order modes (the 2D and 2G modes) are observed with visible signal amplitude. Note that these modes are generated via the second-order Raman process or double-resonant Raman scattering [18, 25] , and therefore the observed signals do not correspond to the amplitude of the 2D and 2G phonons but are associated with the covariance, which can be regarded as the squeezed phonons [26] [27] [28] .
Because coherent phonons are usually generated by the difference frequency of the driving field via impulsive stimulated Raman scattering, the amplitudes of the high-frequency coherent phonons become rather weak because of the limited bandwidth of incident laser pulses. To observe the resonant effects in the probing process of coherent phonons, we resolve the spectrum of the probe pulse using bandpass filters. Figure 3 shows the FT spectra observed at probe wavelengths ranging from 700 to 980 nm. The FT amplitudes for the RBM and G and 2D modes are sensitive to the probe wavelength. To highlight the signal enhancement clearly, the probe-wavelength dependence of the FT amplitudes of the RBM and G and 2D modes are summarized in Fig. 4(a) . The amplitudes of the RBM and G and 2D modes are resonantly enhanced at 730, 780, and 850 nm, respectively. Our experimental apparatus also allows us to extract phase information on the observed coherent phonons as a function of probe wavelength. We found that the phase of each mode shifts gradually with the probe wavelength, similar to the previous results observed in the resonant coherent Raman processes [13, 14] . The phase shift most likely comes from a modulation of the dielectric constant induced by photoexcited carriers, although further investigation is needed to clarify the origin.
According to the Kataura plot [ Fig. 1(a) ] [17] and the absorption spectrum [22] , the lowest van Hove singularity for the 1.4-nm-diameter M-SWCNTs is located at around 700 nm (∼1.74 eV), which is higher in energy compared with the central wavelength of the laser (800 nm, 1.55 eV). Therefore, the observed resonance enhancement of the RBM and G and 2D modes comes from a resonance of the stimulated Stokes process, in which the sum frequency of the scattered light and each phonon is in resonance with the van Hove singularities. Given the energies of these modes ( ω RBM = 21 meV, ω G = 190 meV, and ω 2D = 320 meV), the resonant peaks should be located at around 1.72 eV (∼721 nm), 1.54 eV (∼808 nm), and 1.41 eV (∼882 nm), respectively. These values are in quite good agreement with the observed amplitude maxima of all the listed modes, as shown by solid arrows in Fig. 4(a) . These facts may well explain the resonant wavelength of these three modes. We could also see small resonant peaks observed at 950 and 930 nm in the 2D and G modes, respectively, which might be attributed to residual semiconducting CNTs.
It is notable that the RBM and G and 2D modes have different resonant shapes; the RBM has a narrow resonant shape, whereas the G and 2D modes seem to have a broader one. The similar trend is also seen in the FT spectra as shown in Fig. 3 . This result is consistent with that observed previously [14] , and 235435-3 may originate from the difference in electron-phonon coupling strength. The large electron-phonon coupling is expected to make a short dephasing time for the corresponding coherent phonon around its resonant wavelength. In case of the RBM, the dephasing time of ∼2 ps was observed around the resonant wavelength. This relatively long dephasing time produces a small damping rate, and then results in the narrow resonant peak. On the other hand, very short dephasing times of 0.15 and 0.2 ps were observed for the G and 2D modes, respectively, as a result of the strong electron-phonon coupling for these modes [29] . The large electron-phonon coupling gives rise to a large damping rate, leading to the broader resonant shape of the G and 2D modes.
Finally, we discuss the strong enhancement of the coherent 2D mode in M-SWCNTs. As shown in Figs. 2(a) and 2(c) , this mode shows a much stronger enhancement than that in HOPG. Furthermore, as shown in Figs. 2(c) and 2(d) , the amplitude ratio between the coherent 2D and G modes (A 2D /A G ) is much higher than that observed in conventional Raman spectroscopy at 780 nm, suggesting that the second-order 2D mode has an additional enhancement factor compared with the first-order Raman modes.
This additional enhancement could be explained by the efficient excitation process of the second-order 2D mode in M-SWCNTs. First, the lowest optical transition associated with the van Hove singularities in M-SWCNTs has a small energy splitting due to the trigonal warping effect, as shown in Fig. 4(b) [18] , whose value might be close to the phonon energy [30] . Resultantly, the two separated optical transitions, E M+ 11 and E M− 11 , contribute to the broadening of the absorption spectrum as schematically shown in Fig. 4(c) . Because the 2D mode is excited via the second-order Raman scattering process [31] , the number of the resonant denominators is twice as large as that in the first-order Raman process; the two intermediate states could be resonant to the broad absorption spectrum as shown by dotted circles in Fig. 4(c) . This leads to the additional enhancement for the 2D mode that results in the strong coherent phonon amplitude of the 2D mode observed in our experiment. Second, the 2D mode is related to phonons at the K point in the Brillouin zone, as shown by the horizontal arrows in Fig. 4(c) , where strong electron-phonon coupling is expected owing to the Kohn anomaly [19] . This strong coupling could result in a large Raman-scattering cross section for the 2D mode. These two factors may lead to much higher enhancement of the observed coherent 2D mode than of the first-order Raman modes in M-SWCNTs.
In summary, we have measured the high-frequency coherent phonons in M-SWCNTs. In addition to the first-order coherent phonons such as the RBM and M and G modes, we clearly observed the second-order 2D mode thanks to a strong resonance enhancement. This effect can be qualitatively understood by taking account of both the second-order resonance of the 2D mode at the broad absorption peak of van Hove singularities and the strong electron-phonon coupling due to the Kohn anomaly in M-SWCNTs. 
